We report Al-Mg isotope systematics in fourteen mineralogically pristine chondrules from six CR2 (Renazzo-type) carbonaceous chondrites measured with secondary ion mass spectrometry. Six chondrules show resolvable excesses of 26 Mg that correlate with Al/Mg ratios, indicating in situ decay of 26 Al. The inferred initial 26 Al/ 27 Al ratios [( 26 Al/ 27 Al) 0 ] in these chondrules range from ~1 × 10 -6 to ~6 × 10 -6 . The other eight chondrules show no detectable 26 Mg excesses and have upper limits of ( 26 Al/ 27 Al) 0 ~(2-3) × 10 -6 . Most CR chondrules have ( 26 Al/ 27 Al) 0 significantly lower than those in the other least metamorphosed primitive chondrites, LL3.0, CO3.0, and Acfer 094 (ungrouped). Assuming uniform distribution of 26 Al in the protoplanetary disk, these observations suggest that majority of CR chondrules formed >1 Myr later than those in LL3.0, CO3.0, and Acfer 094.
INTRODUCTION
It is well known that the early solar system contained the short-lived radionuclide, 26 Al, which decays to 26 Mg. Its short half-life (~0.7 Myr) makes it one of the most precise chronometers for dating processes in the protoplanetary disk, including formation of Ca,Al-rich inclusions (CAIs) and chondrules, assuming 26 Al was homogeneously distributed in the disk. Although this assumption has not conclusively been proved to be correct yet, the relative 26 Mg ages obtained from various meteoritic samples, including CAIs, chondrules, and achondrites, are broadly consistent with those obtained from other Pb) and short-lived ( 53 Cr and 182 Hf-182 W) isotope systematics, supporting a uniform distribution of 26 Al in the disk after an epoch of CAI formation (e.g., Kita et al., 2013 and references therein) .
Since the first detection of excess of 26 Mg due to in situ decay of 26 Al in a chondrule from unequilibrated ordinary chondrite, Semarkona (Hutcheon and Hutchison, 1989) , 26 Mg systematics have been measured in chondrules from several chondrite groups (e.g., Kita and Ushikubo, 2012 and references therein) . Chondrule ages could provide important constraints on the life-time of the protoplanetary disk, chondrule-forming processes, and al., 2006; Hutcheon et al., 2009) . Backscattered-electron images of the chondrules were obtained with the UH JEOL JSM-5900LV SEM and JEOL JXA-8500F field emission (FE) EPMA. Quantitative mineral compositions were obtained with JXA-8500F FE-EPMA. The EPMA was operated at 15 kV. A probe current of ~10 nA was used to analyze the minerals with a beam diameter of ~1 µm. Natural and synthetic minerals with well-known chemical compositions were used as standards.
Aluminum and magnesium-isotope compositions were measured in situ with the UH Cameca ims-1280 SIMS. The mass spectrometer was operated at +10 keV with a 50 eV energy window. Plagioclase and feldspathic glass were analyzed with a focused 5-7 µm 16 O -primary beam using an axial electron multiplier (EM) and a axial Faraday Cup (FC) for magnesium isotopes and 27 Al, respectively. A primary current of ~100 to ~600 pA was used depending on concentration of magnesium in plagioclase and available grain size. 24 Mg count rates ranged from 2 × 10 4 to 4 × 10 5 cps. II olivine chondrule. cord, cordierite; meso, mesostasis; met, Fe-Ni metal; ol, olivine; pl, plagioclase; px, low-Ca pyroxene; sp, spinel. were measured in magnetic field jumping mode for 4, 10, 10, and 2 sec, respectively. Typical total number of measurement cycles was 120. The MRP was set to ~3800-4000, sufficient to separate interfering hydrides and doubly charged 48 Ca ++ . Automated centering of the secondary beam in the field aperture of the mass spectrometer, highvoltage offset control, and mass-peak centering were applied before each measurement. Offset control and peak centering were also applied at cycle 60.
Olivine and low-Ca pyroxene were analyzed with ~3-5 nA 16 O -primary beam. Aluminum and magnesium isotopes were either measured with a mono-collection FC in peak-jumping mode or with four FCs in multi-collection mode. In both cases, the MRP was set to ~3800-4000 and automated centering of the secondary beam, highvoltage offset control, and mass-peak centering were applied before each measurement.
Isotope ratios were calculated from total number of counts in all cycles. For the mono-collection mode, measured Mg-isotope ratios were corrected for mass fractionation (both instrumental and intrinsic) internally by a linear fractionation law normalized to the terrestrial Mg-isotope compositions ( 25 Mg/ 24 Mg = 0.12663, 26 Mg/ 24 Mg = 0.13932 (Catanzaro et al., 1966) ). For the multicollection mode, instrumental mass fractionation was corrected by standard-sample bracketing assuming all terrestrial standards used have the terrestrial Mg-isotope compositions, and then intrinsic mass fractionation was corrected with a linear law. Excesses of 26 Mg (δ 26 Mg*) are defined relative to the terrestrial value. The choice of the mass fractionation law is not critical to the data set obtained in this study because the degree of intrinsic mass fractionation is very small, and because the Al/Mg ratios of plagioclase that control the 26 Mg isochrons are sufficiently high that the uncertainty introduced by the choice of law is insignificant. The relative sensitivity factor for aluminum and magnesium in plagioclase and Alrich glass was determined from the 27 Al + / 24 Mg + measured by SIMS and the Al/Mg ratios determined for Miyakejima plagioclase standard using the electron microprobe. Krot and Keil (2002) and Hutcheon et al. (2009) .
Chondrule EET92174-7-#1** EET92042-22-#1** ED1-MK-#1 ED1-PL72-#5 NWA721-#7 ED1-PL72-#1 GRA95229-18-#31** Krot and Keil (2002) and Hutcheon et al. (2009) .
RESULTS AND DISCUSSION
Fourteen chondrules studied for Al-Mg isotope systematics include seven Al-rich, five type I, and two type II chondrules ( Fig. 1 and Supplementary Fig. S1 ). None of the chondrules show evidence for aqueous alteration or thermal metamorphism. All chondrules but one contain stoichiometric plagioclase grains. In the Al-rich and type I chondrules, the plagioclase grains have anorthitic compositions ranging An 79-100 with most of them >An 95 (Table 1, Figs. 1 and S1 ). These plagioclase grains contain variable concentrations of MgO ranging ~0.2-1.6 wt%, similar to those in chondrule plagioclase from unmetamorphosed chondrites (e.g., Kita et al., 2000; Krot et al., 2002; Kurahashi et al., 2008a) . A type II chondrule, GRA 95229-31-#72, has lath-shaped Na-rich plagioclase An [43] [44] [45] [46] [47] [48] [49] (Table 1, Fig. S1m ). Another type II chondrule, GRA 95229-31-#24 contains no plagioclase but abundant Fig. 2 . 26 Time after CAIs (Ma)
EET 92174-7 #1 (Al-rich) plag 52.5 ± 5.6 2.5 ± 0.6 6.3 ± 0.9 2.2 (−0.2/+0.2) plag 56.0 ± 6.1 2.4 ± 0.8 plag 46.1 ± 4.9 1.8 ± 1.0 plag 84.5 ± 9.1 3.7 ± 0.9 plag 86.5 ± 9.3 3.7 ± 0.9 plag 79.5 ± 8. GRA 95229-31 #24 (type II) glass 97.1 ± 4.9 −1.2 ± 2.8 0.5 ± 2.6 >2.9 glass 152.9 ± 7.6 2.4 ± 3.8 glass 73.7 ± 3.7 −0.2 ± 4.2 high-Ca px 0.006 ± 0.001 0.03 ± 0.73 Krot and Keil, 2002) , suggesting CAI-like materials were included in precursors of these chondrules. This is supported by relatively 16 O-rich compositions of the spinel grains in EET 92174-7-#1 and EET 92042-22-#1 (Krot et al., 2006) . ED1-MK-CHD#1 also contains abundant cordierite grains (Table 2 , Figs. 1a and S1c).
The Mg-isotope compositions of plagioclase grains in CR chondrules are plotted on Al-Mg evolutionary diagrams in Fig. 2 and shown in Table 3 . 27 Al/ 24 Mg ratios in plagioclase range from ~30 to ~260. A similar range of 27 Al/ 24 Mg ratios was reported in chondrule plagioclase from type 3 ordinary and CO carbonaceous chondrites (e.g., Kita et al., 2000; Kurahashi et al., 2008a) . Six out of fourteen chondrules (4 of 7 Al-rich, 1 of 5 type I, and 1 of 2 type II chondrules) have apparent 26 Mg/ 24 Mg excesses (δ 26 Mg*) that are resolved at the 2σ level. The δ 26 Mg* are correlated with 27 Al/ 24 Mg ratios, indicative of in situ decay of 26 Al. The Mg-isotope compositions of olivine and low-Ca pyroxene phenocrysts in these chondrules are consistent with the terrestrial Mg-isotope compositions. Aluminum-magnesium isochrons regressed through plagioclase and low Al/Mg phase (olivine or pyroxene) yield initial 26 Al/ 27 Al ratios, ( 26 Al/ 27 Al) 0 , of (6.3 ± 0.9) × 10 -6 , (1.0 ± 0.4) × 10 -6 , (4.6 ± 1.1) × 10 -6 , (3.1 ± 1.3) × 10 -6 , (2.9 ± 1.4) × 10 -6 , (2.3 ± 1.4) × 10 -6 , for EET 92174-7-#1, EET 92042-22-#1, ED1-MK-CHD#1, ED1-PL72-CHD#5, A311-PL20-CHD#2, GRA 95229-31-#72, respectively (Fig. 2, Table 3 ). Chondrules EET 92174-7-#1 and EET 92042-22-#1 were measured previously (Hutcheon et al., 2009) , and their ( 26 Al/ 27 Al) 0 ratios were (6.3 ± 0.9) × 10 -6 and <2.5 × 10 -6 , respectively, in very good agreement with those inferred in this study.
The other eight chondrules do not exhibit excesses of 26 Mg* that are resolved from the terrestrial Mg-isotope composition. The Al-Mg isochrons cannot be resolved from 0 and only upper limits of ( 26 Al/ 27 Al) 0 <2-3 × 10 -6
were obtained for these chondrules (Fig. 2, Table 3 ). The previously reported ( 26 Al/ 27 Al) 0 ratio in a plagioclase-rich barred olivine chondrule, GRA 95229-18-#13, was reported as an upper limit (<2.5 × 10 -6 , Hutcheon et al., 2009) , consistent with <1.9 × 10 -6 from this study. The observed range of ( 26 Al/ 27 Al) 0 in CR chondrules, including those with no resolvable 26 Mg*, are consistent with the ratios found in other CR chondrules, including those from a CR3.0 chondrite (Kurahashi et al., 2008b; Tenner et al., 2013 , Schrader et al., 2013 . Because chemical zoning and concentrations of MgO in plagioclase grains are consistent with crystallization at high temperature, Kurahashi et al. (2008b) concluded that ( 26 Al/ 27 Al) 0 ratios in the CR chondrules recorded chondrule crystallization events.
The inferred ( 26 Al/ 27 Al) 0 ratios in the fourteen CR chondrules are summarized in Fig. 3 , together with the observed ranges (average ± 2SD) of ( 26 Al/ 27 Al) 0 in chondrules from the least metamorphosed chondrites, LL3.0 Semarkona, CO3.0 Yamato 81020, and ungrouped type 3 chondrite Acfer 094 (from Hutcheon and Hutchison, 1989; Kita et al., 2000; Kunihiro et al., 2004; Kurahashi et al., 2008a; Rudraswami et al., 2008; Villeneuve et al., 2009; Ushikubo et al., 2013 Hutcheon and Hutchison (1989) , Kita et al. (2000) , Kunihiro et al. (2004) , Kurahashi et al. (2008a) , Rudraswami et al. (2008) , Villeneuve et al. (2009) , and Ushikubo et al. (2013) .
